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A strategy is proposed which reduces the storage requirements for cloud 
amount information by up to 50%. Archiving only the mean cloud 
amount, ~1, is recommended. Retrieval of most of the original data is 
possible if observations are made at high resolution (5 1 km) and the 
processing system gives rise to predominantly binary (i.e. cloud or no- 
cloud) information, The strategy is applicable to cloud amount at any 
level and to total cloud cover. One year’s global cloud data can be stored 
on 2.5 computer magnetic tapes in contrast to the 13 tapes suggested by 
GARP/JOC (1980) and ISCCP (1982). The resultant new cloud archive 
will have the advantage of being equally useful for all scientific users 
(e.g. remote sensing and climate modelling groups) and each group’s 
post-processing time will be greatly reduced. 
Keywords: mathematical model, cloud archive 
Introduction 
The archiving of a global distribution of the Earth’s clouds 
for assessment of their effect upon the climate, and for 
inclusion in more physically realistic climate models, is 
recognizedly2 as one of the fundamental problems in 
current climate studies. The vast amount of original data 
to be processed and finally stored in a global cloud archive 
poses daunting problems.3 The resultant archive must be 
designed with the requirements of all of the scientific user 
groups in mind, and also in such a way that as much of the 
original information as possible can be rederived. Here a 
strategy is proposed which optimizes the resolution of the 
data and the processing time required and halves storage 
requirements. 
Resolution of original data 
Observations of cloudiness over small areas result in a 
U-shaped frequency distribution, i.e. at very high resolu- 
tions, the probability of observing either completely clear 
or totally cloudy sky situations tends to 1OO%.4 These high 
resolution data may be termed binary.* As the resolution 
of the original observations decreases, the chance of observ- 
ing partly cloudy skies increases. The result of this coarsen- 
ing of the observational grid leads fmally to a bell-shaped 
* Binary data will be expressed either as 0 or 100 (i.e. as a 
percentage). 
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distribution. However, most satellite and some surface 
derived cloud climatologies lie in the transition region 
between these two extremes.’ Storage of initially low 
resolution cloud data or cloud information derived by 
averaging from much higher resolution original data 
requires the storage of two statistics. The necessity for this 
level of stored information is acknowledged in the require- 
ments laid down for the International Satellite Cloud 
Climatology Project (ISCCP) by GARP/JOC (1 980)2 - 
see point 4 in Table 1. The same point in Table 1 elaborates 
upon the basic information required in a cloud climatology 
designed for the climate modelling community. Cloud 
amount information is required for (a), total cover; (b), 
cirrus cloud; (c), middle cloud; (d), low cloud and (e), deep 
convective cloud together with cloud heights. In this paper 
the storage of total cloud cover data is discussed, but the 
recommended procedures can be equally applied to all the 
categories (a)-(e), achieving a reduction of > 50% in the 
total storage space. 
The preferred format of an archive of cloud cover data 
depends on the scientific application for which the cloud 
information is required. For instance, weather forecasters 
and climate modellers require physical representation of the 
cloud characteristics (principally mean cloud amount - 
though clearly a measure of variance is also essential) while 
scientists wishing to observe the surface or monitor the 
climate require information about the frequency of 
occurrence of cloud amount. The usefulness of the cloud 
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Table 7 Requirements for the international satellite cloud climatology (after reference 2) 
(I ) Horizontal averaging 
Information is, in principle, to be averaged over 250 X 250 km boxes.’ 
(2) Time sampling 
Everv 3 h, i.e. eight times a day, corresponding to synoptic observation times. 
(3) Time averaging 
(i) Global cloud climatology should consist of 15-day averages for each of eight observing times per day.2 
(ii) In addition to a final climatological data set consisting of these 15-day averages, a data set consisting of daily values of horizontally 
averaged parameters at each of eight observing times will also be available. 
(4) Parameters 
For each parameter, box averages and variances (or another statistical measure of shape of temporal distribution) are required. 
(4.1) Cloud parameters 
Amounts Total cloud amount (fraction) 
Cirrus cloud amount (fraction) 
Middle cloud amount (fraction) 
Low cloud amount (fraction) 
Deep convective cloud amount (fraction) 
Heights Cirrus cloud-top height (km) 
Middle-level cloud-top height (km) 
Low-level cloud-top height (km) 
Deep convective cloud-top height (km) 
(5) Desired additional information 
(i) Cloud optical depth 
(ii) Cloud base altitude 
Accuracy 
(15-day average) 
i- 0.03 
* 0.05 
r 0.05 
+ 0.05 
2 0.05 
* 1.0 
* 1.0 
+ 0.5 
* 1.0 
(6) Length of time series 
Five years 
(7) Data availability 
Goals of one data tape per year for 15-day average values and one data tape per month for daily values are established. 
’ For practical reasons constant 250 X 250 km box specification is difficult to achieve. One practicable solution may be division into 
geographical coordinates with constant latitude intervals of 2.5” and following division with respect to longitude: 
O-50” latitude interval 2.5’ longitude intervals 
50-70” latitude interval 4.5” longitude intervals 
70-80” latitude interval 9.0” longitude intervals 
80-85” latitude interval 18.0” longitude intervals 
85-87.5” latitude interval 36.0’ longitude intervals 
87.5-90” latitude interval 360.0” longitude intervals 
Longitude intervals thus vary between 175 and 350 km (except near poles). 
* One 15-day period starting with first day of each month plus rest of month. 
data archive will depend on the selected method of 
statistical representation of the frequency distribution. The 
pair of statistics may be either the mean, p*, and standard 
deviation, o, of cloud amount or the alternative parameters 
TI and y which uniquely define the representative beta 
distribution for that frequency curve.45 6Each pair of 
statistics is simply retrievable from the other: 
(2) 
Any summarizing degrades the primary information, e.g. 
reference 7. In general, information relating to either total 
cloud cover or layer cloud amount represented by a pair of 
statistics for an identified time and space interval cannot be 
uniquely retrieved. It will be shown here that by careful 
design of an observational/processing strategy it is possible 
to optimize retrieval of the original data and also to 
minimize storage requirements. It is important to select 
temporal and spatial resolutions for each type of cloud 
archive user in a way that maximizes the retrieval of the 
original observational data. The climate modelling com- 
munity is apparently adequately served by a horizontal 
resolution of approximately 250 x 250 km (Table 1, point 
1). Mean cloud information averaged over this large an area 
would probably be useless for the remote sensing com- 
munity, e.g. references 8 and 9. In order to establish a 
global cloud data archive from which both physically and 
statistically useful information can be rederived, it is essen- 
tial to observe high resolution (i.e. binary) cloud data. 
Optimization of data storage 
For any data set of original observations in the range 
0 to lOO%, which have been averaged over a known 
temporal or spatial domain, it may be shown (see Appendix 
1) that points with coordinates mean, ~1, and standard 
deviation, u, lie on a semi-circle with its centre at a standard 
deviation of zero, mean of SO%, the radius R being a 
function of the ratio of binary to nonbinary data (see, for 
example, Figure 1). The fraction and distribution of the 
nonbinary data determines the radius R: 
1 
where s/n is the fraction of nonbinary data which have 
values given by Ci (i = 1 to s). 
(3) 
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a coarse resolution archive for a mid-latitude area. There- 
fore, the only way to retain a reasonably well-defined 
relationship between ~1 and u is to establish an observational 
system which leads to a high resolution original data set of 
a binary nature. 
Military satellites already possess very high resolution 
instruments, but economic restraints may hamper similar 
developments by international space agencies. It is there- 
fore necessary to examine the consequences of permitting 
‘partly cloudy’ (i.e. nonbinary) observations. If nonbinary 
data have been permitted, the value of u cannot be 
recovered directly from the archived value I-( because u 
may have a value anywhere in the range omin< U< 50. 
Here o,in is a function of the permitted level of nonbinary 
data, the number of classes into which these data were 
grouped, and the distribution of the data. The effect of the 
permitted level of nonbinary data will be discussed first. 
Equation (3) can be rewritten in terms of the fractional 
frequency of occurrence,fT, of the ith class (there are k 
classes): 
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Figure 1 Characteristic curve of cloud amount statistics. Monthly 
averaged mean plotted against standard deviation. Original data are 
at spatial resolution of approximately 46 X 46 km and temporal 
resolution of 3 h. This coarse resolution results in a significant 
fraction of sample set being nonbinary as can be seen from radius 
of scatter graph. R ranges between 20-42%. Data are drawn from 
U.S.A.F. 3-D nephanalysis (reference IO) for box 37, September 
1978 and were analysed by N. A. Hughes. 
From equation (3) it can be seen that an original data set 
of purely binary data is a particularly interesting case. In 
this instance s/n E 0 and hence: 
R2 = 2500 - 1833.3 s/n (5) 
Thus, if the maximum permitted number of nonbinary 
data characteristic of the observing/processing system is 
known, then the numerical value of s/n is used in equation 
(4) to obtain a minimum value of R. Hence, u can be 
calculated from: 
(i) the radius of the semi-circle (R) is 50 
(ii) the average cloud amount @) uniquely defines the 
standard deviation (u) 
(iii) since the data were binary /J also uniquely defines the 
original data. 
(6) 
(There is only one distribution of zeroes and 100s that can 
give rise to a particular value of ~1 if the size of the original 
data set is known.) Therefore if it is technically possible to 
construct a hardware observational plus software 
discrimination system which leads to a purely binary data 
set, there is no longer any need to store two statistics. Only 
the average cloud amount (cl) need be stored. This therefore 
halves the data storage requirements (see Table 1, point 7). 
The maximum range of u is therefore obtainable from basic 
information relating to the processing system. One further 
step is possible in the general case. The number, H, of 
binary data items having the value 100 can be calculated, 
for example in the case of up to 10% nonbinary and 9 
classes: 
2 
Urnin = 
H(lOO-P)2+ (90--H)/_? 
100 100 
+ ; i .ftYcT --ELI2 
i 1 (7) 
Any nonbinary component in the original data set leads Taking the specific example of /A = 17 for even distribution 
to a value of R less than 50 (see equation (3)). Hence any of the nonbinary data gives rise to a range of possible 
composite data set may contain points lying on the original standard deviation values of 35.038<u<37.563, from 
(purely binary) semi-circle (R = 50) and points lying on equation (5) and equation (6). The range of possible 
semi-circles of smaller radius. For example, for the case of 
nonbinary data being distributed equally between the (99) 
distributions of the original data is between (H = 17, 
percentage classes it is easily shown (by using equation (3)) 
u = 37.563) and (H = 12, u = 35.038), i.e. an all binary 
data set of 17 at 100% and 83 at 0% and a data set con- 
that the radius, R, has a value of 40.72 if 50% of the data taining the maximum possible nonbinary data (s/n = 0.1) 
are binary and 50% nonbinary; whereas if all the data are such that there are 12 at I OO%, 78 at 0% and 10/9 of each 
nonbinary the radius of the circle is reduced to 28.58. of the 9 classes centred on lo-90%. 
The scatter of the points is a function of the degree of The effect of including nonbinary data is a function of 
nonbinary data in the original data archive. In many regions both (i), its amount and (ii), the categorization employed. 
of the globe, purely binary cloud amount data are likely to Table 2 lists the effect upon R of classifying the nonbinary 
be encountered from time to time. For example, the data (assumed here, as an example, to be 50%) into 99,9,3 
average radius of the semi-circular curve in Figure 1 and 1 classes, centred on the centre point of the corre- 
indicates the occurrence of a significant fraction of binary sponding class. The computed semi-circle radius decreases 
data in the original set even though the data are drawn from as the number of classes decreases. It is important to 
(4) 
Thus there is a parabolic relationship between R and s/n. 
For example, for the case of 9 classes (k = 9) with the non- 
binary data evenly distributed among these classes, 
equation (4) reduces to: 
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Table2 Radius of semicircle R calculated from equation (3) for 
50% binary data plus 50% nonbinary data equally distributed 
between N classes centred on the iisted values 
Number of classes Class values 
N ci 
Radius 
R 
99 I,2 98.99 ,..., 40.72 
9 10.20 80.90 ,..., 39.79 
3 25, 50, 75 38.19 
1 50 35.35 
0 005 0.1 
s/n 
Figure 2 Range of values for R as a function of s/n for selected 
range of s/n is shown for nonbinary distribution 
where f,/fk = r/q and f/n is fraction of zeroes and q/n fraction of 
100s in original data set. For range of s/n shown here parabolic 
relationship given in equation (5) is approximated by a linear curve 
r = - 18.7 s/n + 50. 
‘focus’ the semicircular distribution of p against u since it 
is desirable to minimize the range of possible values of u 
that can be associated with the archived /.L value (see Figure 
I ). The number of categories (or classes) used for the non- 
binary data must be maximized (Table 2) within the 
constraints of any assumptions made about these data. 
Figure 2 has been constructed to illustrate the variation 
in R as a function of s/n when the distribution of the 
nonbinary data is linear. Furthermore, if a large com- 
ponent (say 50%) of the data were nonbinary, it is antici- 
pated that the distribution of these data would be related 
to the distribution of the binary element (see the discussion 
of ‘J’ and ‘reverse J’ shaped distributions in reference 4). 
It has been demonstrated that most of the information 
in the original data set can be retrieved if the data were 
initially predominantly binary in nature and an assumption 
is made about the distribution of the nonbinary data. It 
still remains to establish an acceptable number of categories 
for the nonbinary data. 
Observational programmes and classification of the 
cloud data 
It is clear that only a small percentage of nonbinary data 
can be allowed for the following reasons: 
(i) inclusion of even a small amount of nonbinary data 
introduces considerable error bars on the retrieval of all 
original information (e.g. a 10% nonbinary element gave 
rise to a range of 0:35.038<~<37.563). 
(ii) the information about the nonbinary data which it is 
possible to retrieve from the archived value of p alone is 
very limited. 
(iii) in the retrieval process it is necessary to make an 
assumption about the distribution of the nonbinary data. 
In the examples given here, a linear distribution has been 
taken (Figure 2). Although many reasonable distributions 
could be considered, an assumption is inevitable and thus 
it is unsatisfactory to increase the importance of this esti- 
mation by permitting a large nonbinary component. 
An upper limit of 10% nonbinary data is proposed. If 
this recommendation is unacceptable, storage of paired 
statistics (e.g. p and u or 17 and 7) will be necessary, 
doubling total archive storage. 
Optimizing the number of classes of any nonbinary 
distribution is extremely difficult. The preceding 
mathematical discussions argue for a large number of 
classes. However, the number of classes directly influences 
the temporal and spatial scales over which averaging may be 
conducted. This is because of the assumption of equal 
distribution of these nonbinary data. In order to ensure 
that the sample proportion is large enough for this 
assumption (of equal distribution) to hold, the sample 
size, n, must be calculated as a function of the proportion 
in each class, p, which here equals l/N, using the relation- 
ship : 
n= 
and hence (8) 
where N, is the number of classes in use and d is the per- 
mitted percent error per class. 
Allowing a maximum of 20% error in the class distribu- 
tion (viz. d = 0.2/Nr,) then for 99 classes, the sample size 
is calculated from equation (8) as 9412, whereas for only 
9 classes n = 768 (to a 95% degree of confidence) (Table 
3). 
Resolution of the archived data for climate 
modellers 
GARP/JOC2 recommend horizontal averaging over geo- 
graphical areas of approximately 250 x 250 km (Table I, 
point 1 and footnote 1). For the daily data for each of the 
eight recommended times, the original data set will consist 
of z pieces of information where: 
250 250 
Z?--~-- 
x x 
(9) 
where X is the resolution of the original data (in km). The 
15 day averaged data sets will clearly contain 15 times as 
much original information. The highest resolution satellite 
data currently operationally processed into a global cloud 
data set is that from the DMSP (Defense Military Satellite 
Program) satellites.” They have a sub-satellite resolution 
of 1.5 km, degraded to 3 km on board. Thus from equation 
(9) the original data set contains 104 167 pieces of in- 
formation (6944 for single days). Assuming a 10% nonbinary 
component (Tuble 3), it can be seen that for 9 classes 
(requiring 7680 values in the data set) the full 15 day data 
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Table 3 Data set size required to achieve an even distribution of 
nonbinary data with an error d< 20% calculated from equation (8) 
for the two cases of 9 and 99 classes (or categories) available for 
nonbinary data in) 
Classes d n 
Total data set size 
(i.e. number of 
observations) 
(Table 1, point 7) of 1 data tape per year for the coarse 
temporal resolution archive. The observational and process- 
ing strategy recommended here is designed to reduce the 
total volume of archived cloud information by 50%. It is 
important to consider the storage requirements for this 
minimum cloud data archive. 
9 0.219 768 7680 
99 0.2199 9412 94120 
set is statistically acceptable whereas the individual day 
data set is unacceptably small. For the analysis undertaken 
with 99 classes (otherwise desirable - see discussion above), 
a much larger data set is required, 94 120, far in excess of 
the available data base size for single days and only just 
within the limits of availability for the 15 day averages 
(at a resolution of 3 km - at any lower resolution, a 99 
class discrimination cannot provide sufficient pieces of data 
for either single day or 1.5 day averaged calculations). 
Therefore it is essential to restrict more closely the number 
of classes; for instance, it seems reasonable to suggest hat 
nonbinary data be classed into 9 categories, centred on 
lo-90%. Thus it is possible to construct the global cloud 
data archive at the resolution deemed essential for the 
climate modelling community (T&e 1) by utilizing high 
resolution data (< 3 km) and designing software processing 
facilities such that nonbinary data are limited. 
Equations (8) and (9) permit calculation of the minimum 
possible horizontal averaging area for the two cases of daily 
and 15 day averaged climatological information. If very high 
resolution (- 1 km) data similar to the NOAA series were 
processed for the case of 9 nonbinary classes, a 15 day 
average climatology could be constructed and stored for 
areas as small as 25 x 25 km. If daily/hourly data were 
required then the horizontal resolution of the stored data 
would have to be considerably lower, approximately 
100 x 100 km. Most remote sensing programmes would 
find these resolutions adequate, e.g. reference 11. 
It seems preferable to strive to achieve an observational 
programme that is able to discriminate most scenes into a 
cloud or no-cloud situation. It is likely that a sensor resolu- 
tion of approximately 1 km would permit binary discrimi- 
nation in most situations.g The extra processing time 
necessitated by the much greater volume of data than, for 
instance, use of low resolution scanning radiometer data, 
with resolution of - 4 km (visible) and - 8 km (infrared) 
would be balanced by the saving resulting from the signifi- 
cant reduction in time spent identifying partly cloudy 
scenes.‘* It is possible that the total data volume can be 
reduced by sampling the original data set on a pre-arranged 
spatial grid. Current studies under the auspices of the 
ISCCP are investigating the effects of sampling at 8 km and 
32 km spacing compared with averaging over the same 
spatial areas.r3 
Storage space required for archived cloud data 
Storage requirements for a cloud climatology on the 
resolution suggested in reference 2 and using the observa- 
tional processing and storage strategies uggested here can 
be calculated as follows: from TabZe 1, spatial resolution 
of 250 x 250 km is required. Thus the requirement for 
Earth coverage is: 
5.1 x 1o”km* 
6.25 x lo4 km* 
= 8160 storage elements 
The information from geostationary satellites is useful 
only in a restricted latitude belt. Poleward of about 45” 
latitude, the current polar orbiting satellite programme can 
provide data of a temporal resolution of only 6 h, i.e. 
over 0.3 of the Earth’s area will have a temporal resolution 
less than the 8 h per day recommended. The total number 
of storage elements for a cloud data archive for one year can 
be calculated as: 
0.7x8160x(365x8)+0.3x8160x 
(365 x 8) 
2 
i.e. less than 20.26 x lo6 storage elements per data set. 
The archiving strategy proposed here requires storage 
of only one number which characterises the cloud amount 
field. From the discussions above it can be seen that if the 
storage is of mean cloud amount, p, as a percentage, an 
accuracy of 0.5% is adequate for further data retrieval. 
Thus an 8 bit storage word is required for each storage 
element in the cloud archive. The total number of bits 
required for one year’s data storage for one parameter is: 
20.26 x 106x 8 = 1.621 x lo8 bits 
The number of cloud parameters required by climate 
modellers has been increased (cf. point 9 in Table 1) by the 
ISCCP13 to 13, although the period for the time averages 
has been increased to 30 daysI Their storage goal, 13 
tapes, is the same as that in Table 1 (point 7) except that 
the anticipated tape density has been increased. ISCCP13 
assume storage on high density 6250 bpi tapes.* 
One year’s cloud data for the 13 parameters listed above 
on either the 15 day (GARP/JOC’ and Table 1) or 30 day 
(ISCCP13) average will consist of: 
13~~x(8160~2920~8)=2.643x10~bits 
or 
13 x $$x (8160 x 2920 x 8) = 2.561 x 10’ bits 
i.e. it will require between two and three 6250 bpi tapes, 
compared with the stated goal of 13 tapes (TabZe 1 and 
reference 13) and the estimate of Jenne.3 Additionally if 
the geostationary data were not used poleward of - 45’ 
there would be a reduced storage requirement of ‘u 2.2 
tapes per year. 
A primary requirement for an archived cloud climatology 
is that it be of a manageable size, thus permitting use 
without excessive cost or difficulty. The volume of raw 
radiance data is enormous (the total received information 
from current meteorological satellites was assessed at 
> 5 x 1 O6 bits per second in 1980). GARP/JOC2 recognize 
the importance of data compaction in their stated goal 
Conclusions 
High resolution observations of the type recommended 
here would permit the building of a cloud data archive for 
* 6250 bpi tapes hold 1 gigabit of data (lOgbits) compared with 
only 0.3 gigabits for the standard 1600 bpi tapes. 
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climate modelling in approximately one-fifth the previously 
anticipated storage area.3 All post-processing time and costs 
will be drastically reduced. Other scientific user groups, 
especially those concerned with remote sensing, would be 
able to process the original high resolution data in other 
ways and construct alternative, and complementary, global 
archives for their own purposes. Their storage require- 
ments would also be reduced by up to 50%. 
Plotted in the u, p plane this is of the form of a circle, 
centre (0, 50) and a radius R given by: 
R2= 502+ A[ &c;- 100 tIci] 
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Appendix 1 
Consider rr observations ci (i = 1 to n) of which 4 are 
100, r are zero and the remainder, s = n - (4 + r) are 
distributed in an unknown way. 
Then the mean /J is given by: 
I? 
/Ml = 2 ci 
i=l 
=i 100+ iCi 
j=1 i=l 
= 1004 + ECj 
The standard deviation u is given as: 
nu2 = f (/J - Ci)2 
i=i 
=q(p - 100)2+r(p-0)2+ i (P-c~)~ 
i=1 
Hence: 
c?+/_?= lOO(n/.-XCcJ + cc: 
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